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Abstract. When CMI; plasma passes over a spacecraft ir) in(cqdanc[ary  space, it can often

bc rccognimi  by a number  of chamcte.t-istic  sigr)atu] es in the propc.rties of the plasma and

nlrrg~mticficlci.  “Jlmc sigr]atl]rcs  alcbricflys  l]r]]r-)~;{r;zed.  Wllcn tw’oor]]~orc  sigf]atllre.s  are

]Mcscm,  they arc, oftcm not synchronimd  with c:ich other. As an example., the low-

te.nqmratmt  signature is often cncountmd  ahead of the bidirectional streaming of

s~lI)ratl]crl])  alclcct[c)]ls.  IJcric)(ls  of(]lrict, rlcallyrft(lial  ficl(ls  a~cfol]tlcl  ir)tl)ctrailillg

])[)r[ior~s ofa~)~)I-C)xil~l:~  tclyon~{l~lal[~]C  )ftllcfids[C)]  cI~crgctic  (; MlicvcI)ts. ltiss\IggcsteCi

Ihatthc.  radial  fie.lcis  lilayk.  ~])al)ife.statior)  softllc lc.gsof  ll)ag[]ctic  lool)scarI-ieli itltc)sJ)aCe

by the (~h4f{.  Another feature of ti)c t[ailing Imrtio[is of some CM1[ events is a strong flux

c) fc)~]tw’ttrci ~)~c)j)ag:itir  )gAlfv<.nm7avcs.  in soI]le.evcrltst})csc  wave. s])rot)at)lyr c])re.se[)t  a

IC(IJIII tothcambimt  solar wind through whic]l tl)c(Uh41;  is])ro~):igati]  lg,l)Llt wcsup,p,cxt

that in other events t}lc waves may be a signature. of a tl ansicn[ mend hole at tk

foot~mints  of the CM];.



‘1’here is no single clistinctive  featme cxhibitd  by all CM] l-~cmm-tttccl  plasma in the

solar wind. l<atllcr,  tllei[lc[Jtificati(J1  l(Jf(~h41 isirltllc  irltcrIJl:inct:iry  lllc(iitllll  1lltlstrclyoll

scwml fe.atum that may appear singly 0] jointly with ottlcr features in any particular event.

What arc those features or CM] i signatmcs?

(1) l)nusuall y low kinetic tcm])c.ratm es of icms ard/c>r e.lcctmns for a given solar-

windspcd.  lnthcquasi-staticmarys  c)larwind,io]l  tclll~)cratllr-csa  lc])ositivelycol  lclated

\\’itll  flo\\’sl)c.cci.  l:igllrc  1 showsa scattcl lJlot  of])lc)toll tcl]lJ~crtitLllcvc  lsLlss J)ecclfor

intc.rva]s  c)f known  flow type - OIXW sylllbo]s (squares, circles, or trianp,les)  for quasi-

stationary flows and line symbols (x, -1 or -) fo~ Ch41i flows observed by 1S1{}{ 3. “J’hc

method of event selection and identification is explained in a J)a])cr  by Ncufd)alw  and

Alctnmicr  [ 1991]. ‘l”hc principal poin[s arc. that (a) most of the open symbols arc above the

diagonal line while most of the lined sylnt)c)ls  alc bdow  it, ad (b) there aTc quite a few

cxcxq)tions.  Wc have Mined  a “thermal irdcx”  /,,,, by

1,,, ‘ (500VF, -11 .75x 105 )/f;, (1)

whidi is >1 for poit]ts below the line and <1 for J)oints a[x)vc it, With a significant number

of cxcc])tic)rls,  if/h >1, the ]~laslna  is ]ikcly to bc associate.d with a (;h4f{. ‘Iltis method of

idcrltifying  Ch41 t plas)na is qualitativc]y  simi]al-  to t}lc mctliocl CIC,VC.IO]XX1  and usd by

Ricitard.fm and Cane [ 199S] and otlmrs. ‘1’hc cause  of the, low tcmpclature or hi!,h tlmmal

h4ach  number of CM13  plaslna  in the solal wind is ])lobably  tllc S-dimctlsional  expansion

of tllc transient plasma clod into tllc  arnbicnt solar wind. ]n contrast,  under quasi-
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stationary conditions, h flow is chat~ncld  and cxl Jansion is lilnitd  to the arcal expansion

rtitc of the flow tubes from the Sun. ‘1’his effect is illustrated  by the. cmloon in l;i~wc ?.

(2) An unusual]y  pronounced anisotrcqjy  of the proton distribution with ‘1’,1 > “]”,,

caused by the conservation of the maf,netic IMUKXIL  of the ions as the plasma e.xpali(ls.

(3) Ilnusually  high helium abuncl{incc,.  If tllc  rfitio c)f the. numbm- density of hdium

na to that of pro(ons  nP e,xcccds -+.08, the plasma is almost uminly either in CN’ nmr an

intcrplanctar’y cloud ge.nc.rtdted  by a (;h41{. ‘J’he. cause,  of the hdill!ll  Cnhancwmcnts  htlS no[

yet bczn mablishcd  theoretically. onc possibi]i[y is that it is a slucip,c removal phcnomemon

wlmrcin helium left bchin(i  at the base of the flow tubes,  cspccial]y those in the slow wind

IIe.ar t}ic hclios~)hcric  cmmt sheet, is clcand  out by the cxplmivc cvemt. “l’his ~hfl[{

sify]ature. is often patc}ly  within an evcmt or e.nlire.]y missing.

(4) Anomalies in the abundances of c]thcr ion s~)ccics.  ‘1’his topic is rcvimvd  in the

~mpcv  by Galvin  (this volume).

(5) IIictircclioria]  strcar]~ing  of sllpr-at}lc.r,llal  electrons allcl cncr”gctic  ions. “1’his

fe.aturc is consiclcrd  to be. indicative c>f a closed nla~,nclic configwatim  with bet])

fc)o(])oints of the fidd lines rootcc] in the Sun. in this volume, these features arc {iiscussed

in paJmrs  by Gosling (fo~ electrons) ald by 1<ich81  dson (for cncrge.tic  ions).

(6) Quiet, strong Inngnctic fields w}lich, wlwll combine.ci with the low

tcmpcraturcs,  leads to low ~. in (N]l plasma, the pl oton /3 is often less than 0.1.

(7) Rotations of the, magnetic field that call  bc modeled as flux ropes. Somo of

t}lCSC Configurations qllalify to bc called “tnagnc(ic  Clc)uds’>  if the ficlcl  strcng[h incrcascs  by

a factor >2., at least one compcmcnt of the. fidcl has a larg,c,  smcwth  rotation, and the icm

temperature is low. Mag[ic.tic  clouds  ancl flux mpc.s are. discussed further  in the papers by

Oshcrovich  and by Gosling (this volume), rcs]mtivc]y.



(8) IIccteasc  in the flux of low emugy cosnlic  rays, ‘1’his topic is also covered  in

this volume in a paper by Richaldso[i.

(9) Unusual icmization states of heavy ions, indicative of a plasm source in either

110( colonal  loops or (vcty occasional y) in relatively cold ~mmincnce  material. See. the

]~a]mt  by (ialvin (this volume) for ful (her discussion.

‘1’o this list of CIMlj  signatures, wc can add other features that arc associatd  with

the more cne.rge.(ic  events that result in plasma flows sif,nific.antly  faster than the, ambient,

quasi-stat ionary solar wind. ‘1’hese. feat ure.s ine.lucle  ti forward shcxk ahead of the p] asl~~a

cloud,  a sheath of collqMe.sse41,  noisy plaslna  bctwce.n  the. shock and the clod, the. dral)ing

of the intCrplanctary  Illagne,tic  field alounci tllc  cIou(i,  and ]ocal  maxima (somctinlcs  spikes)

ill the pressure ancl  density at the clod’s lc.adins,  tdf,e..

I;igarc 3 illustrates some. of the signatures aTd features discussed above for a [~Ml i

event observed by lSI-3j  3 on days 232-234 (AUS 2,()-22,), 1979.  ‘1’he event star[cd with an

interldanetary  shock cicnoted  by the vertical line Iabelcxi S. ‘1’he. slmatli,  with its inme.ase.cl

tc.inpcra[ure,  dcnsit  y, ]messurc, and field stl eng,th,  is shown between the shock and the

discontinuity 1)1, whe.rc the spacecraft cnte,rui the. (:Ml~,  cloud.  h’ote tlm spike in proton

[ie.nsit y at 1 ) 1 ami the start of an interval of high helium abunciancc  (na/nP) anti a high value

of the thermal inciex  Ih, ‘1’he ho~ i?ontal bar in the top panel  cie.notes  the interval of

biciire.ctiona]  stmaminf, of suprathmnal  e.lcctmns (J. ‘1’. Gosling, personal cc>l~~l~~tl[lic:itic~l~).

‘I”his event cii(i not contain a ma~,nctic  CIOLI(i. If the. (lM1l plasma is assume(i  tc~ extc.nd from

1)1 to 113, where 1,~ is hig,il, the. patchiness of the, Ileiiurn  abun(iane.e  erlhane.emcllts is quite

cvi(icnt.

Since not all the ~M1{  signat urcs arc syncllt  oniz,exi with each c~ther, some appearing

fit different times than othm or not at all, it is interested to cie.te.rlnim  if tilere.  arc my

significant temporal patterns. We arc currently stwiying  this question an(i can show only a
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few preliminary results ha-e.  l~igurc 4A shows a supcrposccl epoch histogram of the

fr:iction of cad hour that bidirectional shmming  of suprathcrmtl elcclmns  was observed

by ISl{fi 3 (basccl  on the da(a in the list given by Gosling ef al. [ 1987]) w}lme the mro

epoch is the hour in which the bidimctic)na]  sucamir]g  stared. It is seen that the duration of

bidirectional electron streaming is typically 8 to 10 hours. }iigurc 411 shows the fraction of

hours with I,h >1 as a. furmion of time before ancl after the same mro-epoch times as in

}iigm 4A. It is clcwly smn that the 1[~ >1 irvdicato]  cxtcncts  for -? days af[e.r the 7CI0

epoch, thus lasting much longer than the bidim.ctiorla]  electron  streaming. ‘J’his pattmn  is

consistent with the field lines in the (; MI; plasma I rconncctirlg  with the ambient field in the

Inanner postulated by Gosfing cl al. [19950].

‘I”hc horimntal line. in figure 411 reprmcmts  the fraction of all hews for which 1S111{

3 vclocit  y and tC[ll~>C1;~tlrre  VR.IC  availa~llc,  and for which I,* > 1; i e,., on avc.rage,, lA excec.cts

unity 6.4$% of the time. It is probably significant that I,h is greater than average for the. clay

]Jrce.ccling  Illc zero e.lxwli titnc at Whictl  the. bidilcctiona]  strcall]illg,  starls. in many

individual cvcmts, intervals of 1, > 1 arc seen bcfmc the aJq)earar~cc.  of biclircc[icmal

strcalning.  l~igmc  4C shcnvs a histogram similar to those in l~igurcs 4A and 413, except  t}lat

the zero e.poc}l  time is chcmn as the star[ c)f I,h >1. In panel 4(;, it can be seen that the

bidirectional dcctron  s(rcaming  gmcrally starts 2 1() hours into the, (;Ml{  as idcmtifid  by

IA >1. “1’his rcsu]t suggests  that the fields at the ]cading  edge or the nose of the. ~M}l clod

tend to bc mconnccld  to the irltcqdanctfiry  fidrl. ‘1’his is not surprising because it is at the

nose whe.rc tllc ~h411 and intcrl)larmlal  y ficlcts  arc most strongly pressccl together, at least

for’ that part c)f its trajcctmy w}mc the. ~Ml} is frrstcl than !hc ambient wind.

One fe.atnrc  of fast (;h41is that has Imt beer] ]mcvious]y  rc])ortd  is the appearance of

cxtcnctd  intervals of quiet radial fields in their trailirlg  edges. 1 ‘igurc 3 contains an example.

of this p])cr]or]]cr)o[l;  tj]c next to [)ottor]l  panel shows that Ilx/ll, where 111 is the radial
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colnJmemt  of the ficlcl  in hcliogra])hic  solar ecliptic coordinates, was CIOSC to -1 between

112 and lM (days 233,8 -2,34 .7).WC have found irltcrvals with 111,1/11 >0,9 for 26

consecutive hours in the trailing por[ions of abcmt  one qualtm of the major ~Mlls  observed

l~y 1S1 {11 3. About ha]f the time, the quiet, mclial  flc.lcls cwcdapped  other CX41i signatmm

such as high n@P, high 1~, or biciircctional stwalning  (as in l;igure 3), and the rest of the

time. they irnmc.diatc]y follovmi those.  si~l~titmcs.  in every crrse,  the C141{ speed was

FJreatcr than the ambient wincl spcccl  and th.s quiet radial field was obse.rvcd  (luring a period

of strongly d~rcasing, so]ar wind S]XXCI.  Nlone of t]lC radial-field  events occurred in a (;M}l

that }lad been designate.d as a magnetic cloud by ZhaHg  rzmi Flurlaga  [ 1988].  Wc suggest

that a ~M}i-associated quiet radial fickl  interval may mean the spticecraft is situated in a leg

of :i magnetic loop (or perhaps e.vem a flux rope.) whose leading edge has been stmtchcd out

into space by the fast plasrua at tile, front of the c]ou(i.  A papa- prtxcnting  furtkr

illfol (nation  on the possible x-elation of quiet mdial  fields to tlIc. lc.g,s of magnetic loops is in

preparation,

Next, considc.r the bottmn pane] of l~i~ulc 3 which shc)ws a plot of the normalized

cross helicity  oC

(2)

where the sig,n of crC has bcc.n “collecte.d” for the sector  strllcture such that 0, = -11

indicates  Alfvt$n waves propagating outward from tlw Sun alcmg  the magnetic fllcld. ‘1’hc

values of o, were, calculated from the variations of 5. tninute.  values of velocity v and

magnetic flcld 1! over periods of 2.4 hours. l:igurc.  3 s}lows an cxtcndccl pcriocl of high 0,

starling at 114 (where the quiet radial field ended) and pcrsistirlg  for over a day. Outward

6



propagating AlfvLn waves are pt-cvalcnt  in high-sped flow from coronal holes, and may

1X remnants of the wave field responsible for the xmlcration  of the wind in an open-fic]d

geometry. Wc therefore speculate that the waves seen cm day 235 may have orip,inate(i in a

transient coronal hole. crcatd  by tile CI q)tion of the. Ch411.  lixanlplcs  c)f sLIch tlar)sicnt

coronal hoks were shown in the poster paper pr-cscmtcd  by Webb et al. at this confcrcme.

“1’hey arc intcrprctcd  m the footl)oin(s of flux rope.s cvacwated by the ~hl  1{, Similar

intro vals of intense wave activity can be fcmnd bcllind  many C:h41;s, but there is a question

whether they indicate a (Ml-associated  feature of m-entry into the ambient solar wind,

l;or the particular event shown in l;i~urc  3, vw bclitwc the Alfvinic wave flux is part of the

(;h41;  because,  (1) it oemrs  on the velocity gladiemt  callscd by the Ch4fl  and (2) in the

quasi-stationary wind, AlfvLnic ftuctuatic)n.s  arc not commonly founcl at sc~lar wind s~mxts

as low as the, -400 km/s average speed observed during, this particular Al fv<nic event,

Almost everything discussed above has been based on the. pro~)cr[ics  of (:M1 k

observed near the eclil)tic I)lanc. ‘1’lmre am both a rtumbcr of similarities and so~nc.

ilnpol tant ciiffcrcnces  bc(wccm  the ~Ml{s dcsmibcd  above and those studied at high

]atitudcs by LJlysses.  ‘1’hc sitnilaritics  incl~lclc, the dccre,ased  ion tmqmaturcs,  bidirectional

strmmir~g,  and occasional flux mpcs, magnetic  clouds, an(l quiet rwlial ficki intcrva]s,  It is

the diffcre.rms that arc more interesting. l;irst, each of the high-latitude (;h41{  plasma

CIOUCIS had roughly the same speed (>700 km/s) as the ambient quasi-stationary solar wind

from the polar coronal holes [Goslit~g 6( al., 1994n]. ‘1’his finding may man that, cxccpt

for the. most cne,rg,ctic  Ch413 events, once,  the (:h41; l~lasma is released from the S~ln, the

same prc)ccsscs acccler ate. the transient and quasi-stationary winds. At low latitudes, where

the ~h411 plasma is clnbcdclcd in S1OW sotal wind, tt]c rnagnctic ficlcl in the plasma C1OUC1 is

st rc)ng and stcacty,  showing little cvide.nce,  for Al fv{.t]iC  fl~lct~l:ttions,  but the c.Ml ~ clcmcls  in

the frrst, high-latitude wind arc just as Alfvdnic  M IIIC ambient plasma, suggesting an
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important role for wave accelmi(ion  of the high- latitdc  ~Mf i plasma. Gosling and Riky

[ 1996] suggest that the acceleration of the CYVJf; plasma may bc caused by the clynamic

inter ticticm  of the slower plasma cloud with the higher-speed ambient wind aheaci  of and

behind it.

If tive high-latituctc (;M

winci,  one Inight not expect the

k have rwtrly the same spmi as the ambient high- iatitmic

n to bc prccxxle.d  by an itltmplanc[aty  shock. in fxt,

howevo,  many of the high-latitude, ~h~I;s are obscrvcc]  to bc prcmdccl  by a forward shock

and followc,ci  by a reverse. shock [Gosling et al., 1 Wlb],  ‘lIIc d~ivw for these shocks (or

~a(hcr  for- a single 3-1) shmk that cuosse.s the s])acecraft twice.) is the rapicl expansion of the

(?hfll{  into the surroundirlg  plasma rather than its c~vcrtaking,  slower plasma in its path.

Another departure. of high-latitude (:MJ{s from the typical behavicx near the ecliptic

is the abscncc of helium abun(ianm  c.rlharlcczmnts.  As rc]mmi by (ialvin (this volume.),

the diffc~cnces in ionization  charge states twtwccrl (;MIis and qu:isi-stationary  plasma is

also smaller at high latitudes than mar the ecliptic.

Gosling et fll.  11995b] have comparui the pmpcrlics of a single ~h4f~ obscr-vcci  by

both IMI} 8 ncal l!ar-lh and lJlysscs at 54°S an(i a ]Ic]ioccntric  (iistancc of 3.5 AIJ. in

ad(iition to the (ii ffcrclmx  discussed just above, tltis comimrisc)n  shows that because of the

higlm s])c.cci at high ]atitl}dc,  tile instantaneous sha]m of the. ])lasma cloud rllust bc vcl y

d i ffcrcnt frcu~] the, fi~milial  skctche,s or c.al t ocms  of(;h41 k.
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the, rdativc  timing of (iiffcrcnt  CIMl{  featurm.  ‘1’his research was Imrfcmmed  at the Jet
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I’roJ)lllsion  I ,aboratory’un(iu  a contract I>ctwc.en tile.’!:alifomia ]nstitlltc of ‘1’cchnology  ant]

the Natimai Aeronautics anti SjHicc Ad~~lir~istlatic)I~.
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I:ig. 1. Scatter plot of proton temperature versus proton speed for intmwls  clearly

idcntificcl  as flow associated with eilher  coronal holes (H I), intmtream  (1 S), hc]iosphcric

plasma sheet (1’S), bidirectional electron streaming (11}1S), IIclium  :tbundancc

e.r~hancemcnts  (1 IAll), or magnetic C1OUCIS (MC), “1’hc  line is the trace. of equation (1) for llA

= 1.

I:ig. 2. A cartoon ciepicting  the cliffercncc in the moc]cs of expansion of the ch:inne.led flow

in the, quasi-stationary wind and the 3-dinmmsional ex])ansion of (; MIIs.

l:ig. 3. l:rom top tc) bottom, the paranmtcls  p]ottcd arc proton spccci,  proton te.rnpcratmc,

]mMm density, the ratio of the alpha-pal  Iiclc  to in oton dcnsit its, the total gas plus magnetic

]mssurc  in the plast]]ii fmmc, an irlclcx  IA cicfining  the rclaticm  bctwee.n proton te.mpe.raturc

and spccc] as dcflnccl  in Ilquation (1), the IIlagrlctic  field strcrl~th, the ratio of the radial

ccmponcnt  of the field clivickd by field st] e.ngth,  and the normalimd hclic. ity as cldirml by

l{quation (2). l{ach plasma clata point is a 5-rnirlutc sanll)lc and each ficlcl  data point is a 5-

mirmtc avc.]agc.

l;ig. 4.1 lislc)grams of the fr-cqllcncy  of dctc.Ctiorl  of I)idircctional  streaming of suprathcrmal

c.lc.ctrons  (111>11S) and of the occurrence thermal index /,h > 1 in a supcrposcci epoch

f(mnat. (A) 1 ~reqllcncy  of cic,tcction  of ]]] )]{S as a ftlnctic~n  of time from a wuo C.pOCh

clcfincd  by the. first cie.te.ction  of 131)1;S,  (11) 1 ;rcqucncy  of 1,~ >1 with zero epoch  dcfinccl

by statl  of 111>1{S.  (~) lkcqucncy of 1{111{S with mm cpc)ch  ckiinecl  by start of I,* >1.
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